Clostridium botulinum type A spores were inoculated at a level of 107 spores per ml into sterile beef media with protein concentrations of 1, 2, 3, 4, or 6% and acidified to pH values of 2.01 to 4.75 with hydrochloric acid or 4.19 to 4.60 with citric acid. All experimental manipulations, including blending, acidification, inoculation, incubation (30°C), and analyses, were conducted in an anaerobic chamber-incubator in which atmospheric oxygen levels were maintained below 2 ppm (2 ,ul/liter). Under these strict anaerobic conditions (oxidationreduction values in media ranging from -370 to -391 mV), C. botulinum spores were consistently found to germinate, grow, and produce toxin below pH 4.6. The boundary between toxic and atoxic samples in HCI-acidified beef media was mediated by titratable acidity, pH, and protein concentration. A limiting acidity was not established for the citrate-acidified samples; all blends tested (1, 2, 3, and 4% protein and titratable acidities of 0.091 to 0.453%) became toxic within 5 weeks. At the same pH and protein concentration, citric acid was less effective than HCI in preventing the germination of C. botulinum spores. Higher levels of cell proliferation in the beef protein, as well as enhanced gas production and putrefactive degradation, indicated that beef was a better substrate than soy for C. botulinum spores under these conditions. Reducing the inoculum to 104 delayed but did not prevent spore outgrowth and toxin release at pH levels below 4.6.
It has been traditionally accepted that spores of Clostridium botulinum will not germinate and grow at pH 4.8 or below (1, 11; J. Scott, National Food Processors Association Research Laboratories 1986 Annual Report, p. 31). Consequently, for process design purposes, pH 4.6 (a "safety factor" of -0.2 pH unit) has been designated as the dividing line between high-acid and low-acid foods (Code of Federal Regulations, 1987 , Acidified Foods, Title 21, Part 114).
The presence of toxin in foods with pH values presumed to be inhibitory for the germination and outgrowth of C. botulinum spores has been explained as having resulted from growth in localized areas of high pH, such as under mycelial mats (3, 7) . Tanaka (10) suggested, without substantiating evidence, that similar regions might occur within pockets of precipitated protein in certain acidified systems.
However, low-pH growth has been reported in pureculture studies (8, 9 ) and during continuous agitation, which minimized zones of high pH in media (12) . Growth studies utilizing anaerobic jars (9) with pure cultures of C. botulinum type A spores in soy protein suspensions have suggested that oxygen level influences growth and toxin production in an acid environment. Recent investigations (12) confirmed that under conditions of strict anaerobiosis (<2 ppm [<2 Il/liter] of atmospheric oxygen) and in the absence of other microorganisms, C. botulinum spores were capable of germination and toxin synthesis in soy protein media acidified with HCl to pH values as low as 4.1; inoculated citrate-acidified soy protein media also became toxic at pH 4.5.
These investigators (12) reported that pH alone was not a suitable index for predicting toxicity endpoints in proteincontaining media. They proposed that a minimum titratable acidity (for a specific acidulant) might better define the acidification conditions that inhibit C. botulinum spore out-growth and toxin production. They further concluded that three major factors are needed to predict the likelihood of C. botulinum spore germination: (i) the acidity level of the system in terms of the acidulant, (ii) the level of oxygen present (oxidation-reduction [redox] potential), and (iii) the protein concentration.
The objectives of this study were to (i) define C. botulinum toxigenic endpoints in HCl-acidified beef media in terms of pH and titratable acidity, (ii) compare the effects of animal protein (beef) and vegetable protein (soy) on C. botulinum spore germination and outgrowth, (iii) determine the relative differences in toxin production in inoculated media acidified with an inorganic acid (HCl) and an organic acid (citric acid) at similar pH values, and (iv) evaluate the effect of inoculum level on C. botulinum toxin production below pH 4.6.
MATERIALS AND METHODS
Organism and growth conditions. Spores of type A C. botulinum ZK3, found to germinate and produce toxin at pH 4.3 in HCl-acidified soy media (9) and in a similar system at pH 4.1 (12) , were cultivated in 5% Polypeptone medium (BBL Microbiology Systems, Cockeysville, Md.) (modified with 0.1% soluble starch and 0.15% NaHCO3) by serial transfers at appropriate intervals, harvested by centrifugation, and washed three times in sterilized deionized water (12) . The resulting suspensions were stored at 4°C for 1 year and washed three times to remove lysed cell debris. The cultures were streaked on Trypticase soy agar (BBL Microbiology Systems) containing 5% sheep blood and incubated aerobically or anaerobically for 96 h at 30°C. Purity was assessed on the basis of absence of aerobic growth and on the basis of uniform and typical colony morphology, microscopic appearance, and immunological ( (12) .
Medium preparation. (i) Contents. Fresh lean ground beef was freeze-dried at -50°C and 50 millitorr (ca. 6.7 Pa) for 24 h. The resulting dried chunks were pulverized, grated, and finely ground into a coarse powder with a mortar and pestle. The growth media, similar to those of Raatjes and Smelt (8) and Smelt et al. (9) except for the protein type, contained 0.54% glucose, 0.36% locust bean gum, and various concentrations of freeze-dried beef, water, and acidulant (HCl or citric acid). Beef levels were based on a Kjeldahl-estimated protein content of 76.7%; thus, for example, the 1 and 6% protein media contained 1.30 and 7.82% freeze-dried beef, respectively. Media containing 1, 3, and 6% beef protein were titrated with 0.5 N HCI to the final pH and acidity values listed in Table 1 . These protein levels were chosen to represent concentrations commonly encountered in the food industry (1%, low-protein foods such as tomatoes; 3%, foods labeled "flavored with meat"; 6%, foods labeled "with meat"). The pH levels were designed to fall below minima permitting C. botulinum spore outgrowth in the absence of oxygen while providing a range of titratable acidities encompassing expected toxic and nontoxic regions (12) . In addition, media containing 1, 2, 3, and 4% beef protein were titrated with 0.5 N citric acid to pH and titratable acidity values (Table 2 ) comparable to those of actual protein- containing, pasteurized commercial foods. Citric acid was selected since it is widely used in the industry to inhibit sporeformers.
(ii) Anaerobic blending, acidification, and sterilization. In the chamber, the formula weight of glucose was dissolved in half the final weight of deaerated, pure (American Society for Testing and Materials type I; conductivity, 10 megohms/ cm; Shape Products Co., Oakland, Calif.) deionized water and heated to 52°C. The locust bean gum and deaerated freeze-dried beef were then added individually to the warmed glucose solution and whipped into a smooth paste with a hand-held blender (Braun Inc., Lynnfield, Mass.).
The resulting blend was poured through a no. 8 sieve (2.36 mm) to enmesh connective tissue strands. The filtrate contained no macroscopic particles. Retained fibers were rinsed with 25% of the total water (tempered to 52°C), which was collected and added to the batch. After the blend was weighed and the initial pH was noted, deaerated acid was slowly added with continuous mixing until a predetermined, equilibrated pH that would produce the expected (higher) postautoclaving value desired +0.05 unit was attained. Vials were filled, sealed, and sterilized as previously described (12) . There was a time lapse of approximately 1 h between filling and autoclaving. The sterilized product had the appearance of a thick slurry. No agglomeration was evident.
Evaluation during incubation. Samples were tested prior to inoculation (zero time) and weekly (or at suitable intervals) thereafter for Eh, pH, and titratable acidity measurements (12) . Before every use, the redox electrodes were cleaned with concentrated H2SO4 and potassium dichromate and conditioned in ascorbic acid (J. S. Chen, Virginia Polytechnic Institute Anaerobe Newsletter, no. 4, p. 9, 1977 germination (phase darkening), outgrowth (emergence and elongation), and vegetative growth (cell division, motility) under oil immersion (1,600x) with phase-contrast optics. Samples manifesting newly formed vegetative cells were evaluated by a mouse bioassay for C. botulinum neurotoxin (12) .
RESULTS AND DISCUSSION
pH, titratable acidity, and protein concentration. Samples of 1, 3, and 6% raw, freeze-dried beef media acidified with HCl and inoculated with 107 spores of C. botulinum per ml (Table 1) supported germination, outgrowth, and toxin synthesis (Table 3) at pH values as low as 3.73 (3% protein after 35 weeks) and at titratable acidities as high as 0.237% HCI (6% protein). An acidity (pH and/or titratable acidity) limit was not identified for the high-inoculum citrate blends; media with the minimum pH and maximum acidity tested (pH 4.19 and 0.453% acidity as citric acid) became toxic in 5 weeks (Tables 2 and 4 ).
The results obtained by Young-Perkins and Merson (12) suggested that the pH of a system is not a definitive indicator of C. botulinum spore inhibition and that the titratable acidity, which accounts for the buffering or acid-neutralizing capacity of the protein as well as the type of acidulant, should also be considered. They showed that the minimum pH for toxin synthesis varied with the soy protein concentration in the media. However, for 6 and 7% protein samples, a total acidity value of 0.237% HCl defined the maximum acidity at which toxigenesis occurred, regardless of pH. Interestingly, the same maximum acidity value (0.237% HCl) was found for 6% beef protein in this study ( Table 1) .
The demonstration of toxin at pH 3.73 and 3% protein ( (Table 5) . When the citrate-acidified media were challenged with the lower inoculum (104 spores per ml), the minimum pH supporting outgrowth, cell division, and toxin release was 4.29 (2% protein). The maximum titratable acidity that permitted growth was 0.371% citric acid (4% protein) after 33 weeks of incubation (Tables 2 and 6 ). A few samples (3 and 4% protein) in which toxic growth had been expected remain atoxic at 33 weeks, although they represented the same or higher pH values and comparable or lower titratable acidities. There seems to be no encompassing pH and acidity threshold for C. botulinum toxigenesis in the various HCIacidified (Table 1) or citrate-acidified (Table 2 ) beef protein media. It appears that protein concentration must also be considered in evaluating the potential for toxicity. Growth of C. botulinum in acidified beef media. Newly formed vegetative cells, many dividing, were seen in all toxic samples (Tables 3, 4, and 7) . Some of the cells had an unusual elongated shape. This morphology was not associated with poor growth; samples in which elongated cells were observed were extremely putrid and yielded a large amount of gas.
Unlike the acidified soy media of Young-Perkins and Merson (12) , several of the toxic HCl-acidified (Table 3) and low-inoculum citrate-acidified (Table 7) beef medium samples were characterized by increases in pH (>0.05 unit) and random changes in titratable acidity (>0.025%) during incubation. These beef media typically supported 60 to 90% germination with prolific growth, yielded large quantities of gas, and were strongly putrefactive. Inoculated media identified as nontoxic showed no evidence of germination, outgrowth, or toxin synthesis after as long as 54 to 56 weeks (Table 5 ) and 33 weeks (Table 6 ) of anaerobic incubation at 30°C.
Effects of protein type. The beef protein (-391 mV c Eh7 -370 mV) supported germination, outgrowth, and toxin production to a greater extent than the soy protein (-380 mVs Eh7 s -345 mV) under strict anaerobic conditions (12) , as evidenced by the higher levels of gas and toxin production, putrefactive degradation, and spore germination (>50% for most toxic samples) in the beef media. These findings contrast markedly with data for soy media (12) , in which toxic samples acidified to similar levels failed to develop detectable levels of gas or putrefactive odors and in which spore germination was of the order of 5%.
The compositional differences between beef and soy pro- tein with respect to amino acids (Table 8) may explain the disparate rates of germination and toxin production. C. botulinum type A reportedly requires the amino acids arginine, glycine, phenylalanine, serine, tyrosine, and tryptophan for growth and metabolism (6) . The beef protein was lower in arginine, phenylalanine, and serine than the soy protein and higher in glycine. The two were comparable in tyrosine, tryptophan, and cysteine. Growth and toxin production depend on the availability as well as the quantity of nutritional components in the environment. In acidified media, availability may be directly related to protein hydrolysis, which occurs during autoclaving. For soy blends, the increase in pH during autoclaving was 0.19 unit for HCl and 0.08 unit for citric acid (12) . In beef blends, the average positive change was 0.50 unit for HCl and 0.35 unit for citric acid. Perhaps the more extensive rates of germination, gas production, and putrefactive degradation in the beef media were a result of a higher percentage of essential nutrients and buffering components solubilized during sterilization.
Strong versus weak acids as acidulants. Citric acid was less inhibitory than HCI when the two acidulants were used independently to achieve final pH values ranging from 4.2 to 4.6. For example, C. botulinum spores inoculated into the 1% protein samples acidified to pH 4.6 with citric acid germinated and produced toxin in less than 1 week (Table 4) , whereas otherwise identically inoculated samples acidified with HCl did not become toxic for 10 weeks (Table 3 ).
Graham and Lund (2) demonstrated that the metal chelates formed by citric acid with various divalent cations (Ca2+, Mg2+, Mn2 , and Fe2+) can reduce its inhibitory potential in complex media. However, the beef medium was more supportive of C. botulinum spore germination and toxin production than similarly acidified soy medium, even though the beef protein contained significantly lower quantities of these divalent cations than the soy protein ( Table 8) . The possibility that more cations were available in the beef than in the soy (i.e., not insoluble or irreversibly bound) for chelation with citric acid cannot be discounted.
Implications related to food preservation practices. The important distinction between pH and acidity is sparsely documented and seems not to be well understood with respect to microbial inhibition and food protection. Furthermore, there is a paucity of information on the level of oxygen inhibitory to C. botulinum growth. According to our data, the minimum pH and acidity levels supporting C. botulinum spore germination and outgrowth in the near absence of oxygen are significantly influenced by the quantity of soluble protein. Other factors, not considered here, may also affect the acid levels required to inhibit botulinal toxicity in buffered, acidic food products. Carbon dioxide concentration and mineral content are examples. In addition, acid-metabolizing, facultatively anaerobic sporeformers such as Bacillus licheniformis, which can also survive high-acid processing, may compromise the inhibitory effects of organic acids.
